Tailoring of active cobalt alloy cathodes for hydrogen evolution in a hot concentrated sodium hydroxide solution was attempted by electrodeposition. Enhancement of cathodic activity of cobalt for electrolytic hydrogen evolution has been carried out by the formation of Co-Fe and Co-Fe-C alloys containing different content of iron. The carbon addition to Co-Fe alloys was made to enhance the electrolytic hydrogen evolution activity and to prevent open circuit corrosion in 8 kmol m À3 NaOH at 363 K. The best condition for electrodeposition of Co-Fe alloy was pH 4 and the iron sulfate concentration of more than 5 kg m À3 . Under this condition the alloy was obtained with nanocrystalline bcc phase as a dominant and with the highest hydrogen evolution activity. The carbon addition slowed down preferential iron dissolution by open circuit corrosion in the hot alkaline solution but was not effective in complete prevention of the open circuit corrosion and in enhancing the hydrogen evolution.
Introduction
Enhancement of cathodic activity of nickel for electrolytic hydrogen evolution has been carried out by the formation of nickel alloys such as Ni-S, 1) Raney Ni, 2) Ni-Mo, [3] [4] [5] [6] [7] [8] Raney Ni-RuO, 2, 9) Ni-Sn, 10) Ni-Mo-O 11, 12) and Ni-Fe-C. 13, 14) Among them, electrodeposited Ni-Fe-C alloys showed the highest activity for hydrogen evolution in hot alkaline solutions and excellent durability: The overpotential for hydrogen evolution at the current density of 1000 Am À2 in 8 kmol m À3 NaOH at 363 K was less than 100 mV. The activity did not decrease and no iron dissolution occurred during open circuit immersion in the hot alkaline solution.
It has been known that dealloying corrosion due to preferential dissolution of molybdenum and iron in the form of oxyanions from Ni-Mo and Ni-Fe alloys occurs during open circuit immersion in hot alkaline solutions. As has been found for Ni-Mo-O 11, 12) and Ni-Fe-C 13, 14) alloys, the additions of electronegative elements such as oxygen and carbon are quite effective in preventing the preferential dissolution of molybdenum and iron.
The activity of cobalt for hydrogen evolution is comparable to that of nickel, and hence there would be a possibility for cobalt to be active electrodes for hydrogen evolution by proper alloying.
The present work aims to obtain the cobalt alloys with high cathodic activity for hydrogen evolution by electrodeposition. Particular attention was paid to the effect of iron and carbon additions in enhancing the activity for hydrogen evolution in a hot alkaline solution.
Experimental
The basic electrolyte used for electrodeposition was an aqueous solution consisting of 62 kg m À3 CoSO 4 Á7H 2 O, 66 kg m À3 citric acid monohydrate, 1 kg m À3 saccharin and 0.08 kg m À3 sodium laurylsulfate to which 0-50 kg m
À3
FeSO 4 Á7H 2 O was added. For preparation of Co-Fe-C alloys, 0.001-0.125 kmol m À3 lysine was added to the electrodeposition solution as a carbon source. The pH of the electrodeposition solution was ranging from 2 to 6 and was adjusted by addition of 4 kmol m À3 NaOH. The substrate for electrodeposition was cobalt metal of 10 mm Â 10 mm Â 0:1 mm, at a corner of which cobalt wire of 1 mm diameter was spotwelded for power supply. The dimensions of cells used for electrodeposition were 25 mm wide, 92 mm long and 30 mm high. Two cobalt metal anodes of 1 mm thickness were placed vertically at both ends of the cell, facing each other with distance of about 90 mm. The surface of the anodes facing to the inside of the cell was covered with an 0.2 mmthick acrylic resin sheet with a hole of 1 cm 2 . The substrate was placed vertically in the center of the cell and parallel to the acrylic resin-covered anodes. According to preliminary experiments, agitation of the deposition electrolyte did not affect definitely the composition and hydrogen evolution performance of the deposits because of violent hydrogen evolution during electrodeposition, and hence electrodeposition was carried out under a stagnant condition at 298 K and a current density of 50 Am À2 . The composition of metallic elements in the electrodes thus prepared was analyzed by electron probe microanalysis (EPMA) and carbon was chemically analyzed by combustion infrared absorption method. The current efficiency for electrodeposition was estimated from the mass and composition of the deposit. The structure of the electrodes was identified by X-ray diffraction using Cu K radiation. The grain size of the deposits was estimated from the full width at half maximum of the most intense diffraction line by Scherrer's equation. 15) The hydrogen evolution activity of the electrodes was examined in 8 kmol m À3 NaOH solution at 363 K by galvanostatic polarization. A cell of acrylic resin with the specimen electrode, a platinum counter electrode and an external Hg/HgO/1 kmol m À3 NaOH reference electrode having a reversible potential of 0.950 V for the hydrogen reaction were used. The ohmic drop was corrected using a current interruption method. Table 1 shows the change in binary alloy composition with pH of the solution for electrodeposition. The codeposition of iron starts from pH 2. Increasing pH of the solution from 2 to 4 leads to an increase in iron content of the deposit. Further increase in pH, however gives rise to a decrease in iron content of the alloy. The maximum of the iron content corresponds to the maximum of the current efficiency but the current efficiency is not greatly different with alloy composition, possibly because two cations in the solution are both in the same divalent state. Figure 1 shows X-ray diffraction patterns of deposits and the substrate metal. The substrate has a hexagonal structure with the [001] preferred orientation. According to X-ray diffraction, alloys obtained at low pH, with low iron contents are composed mostly of a nanocrystalline hcp phase. The content of the nanocrystalline hcp phase decreases with an increase in electrolyte pH. Increasing pH of solution to 4 results in transformation of the deposit to the nanocrystalline bcc phase.
Results
The activity of the electrodeposited Co-Fe alloys for hydrogen evolution in 8 kmol m À3 NaOH at 363 K increases with iron content of electrodeposits. Figure 2 shows the change in the hydrogen evolution activity with pH of solution for electrodeposition. The polarization curves of alloys and substrate metal are composed of two regions with different Tafel slopes. An increase in pH of the solution for electrodeposition remarkably enhances the hydrogen evolution activity possibly due to an increase in the iron content of the deposits. The addition of iron leads to a decrease in the Tafel slope. Polarization curves of alloys can be divided into two groups; one with low iron content and lower activity for hydrogen evolution and the other with iron content over 40 at% and high activity for hydrogen evolution. The first group consists mostly of the nanocrystalline hcp phase and the second group a bcc phase. The Tafel slope at lower current densities is about 145 mV/decade for cobalt metal but decreases to about 35 mV/decade for the alloys with iron contents over 40 at%. These Tafel slopes correspond to 2RT=F and RT=2F for cobalt and the alloys with over 40 at% Fe, respectively. Under the assumptions that the hydrogen coverage is nearly 0 and that the transfer coefficient is 1/2, the change in the Tafel slope indicates the change in the ratedetermining step of hydrogen evolution from the proton discharge for cobalt metal to recombination of adsorbed hydrogen for the alloys with more than 40 at% of iron. However, when the rate of hydrogen evolution for the alloy becomes high at higher current densities, the Tafel slope again increases to about 145 mV/decade. When the proton discharge becomes significantly fast, the hydrogen coverage on the electrode surface will reach to unity and electrochemical desorption of an adsorbed hydrogen combined with a proton in the solution will be faster than the recombination of two adsorbed hydrogen atoms. When the rate determining step is electrochemical desorption of hydrogen at $ 1, the Tafel slope is 2RT=F.
The optimal pH for the codeposition of iron with cobalt is 4, at which the electrodeposited Co-51.8Fe alloy is deposited, having a high activity for hydrogen evolution. Table 2 shows the change in alloy composition with iron concentration of the solution for electrodeposition. The iron content of the alloys electrodeposited from the above-mentioned electrolytes increases with increasing concentrations of iron sulfate in the electrolytes. The maximum content of iron in deposit is attained in the electrolyte with 50 kg m À3 of FeSO 4 Á7H 2 O. However increasing iron sulfate concentration in the solution over 30 kg m À3 leads to no significant increase in the iron content of deposited alloy. The cathodic current efficiency does not change significantly and remains about 33%. Figure 3 shows X-ray diffraction patterns of deposited alloys at pH 4 with different iron salt concentration in electrolyte. The apparent grain sizes estimated from the full width at half maximum of the 110 reflection for deposited alloys and the 002 reflection for deposited cobalt metal are written in the figure. As shown in Fig. 1 The lattice constants a and c for the Co-26.0Fe alloy were 8.02 and 1.29 nm, while those for Co-64.4Fe alloy were 8.10 and 1.30 nm respectively. Thus, the increasing iron content in alloy results in lattice expansion particularly along the a-axis. The increase in the iron content of the alloy does not lead to grain refining but rather to an increase in the grain size. For alloys with iron contents over 58 at% the estimated grain size is the same, about 9.2 nm. Lowering the iron content of the alloy leads to a decrease in grain size to 4.1 nm for Co-26.0Fe alloy.
Galvanostatic polarization curves presented in Fig. 4 shows the activity for hydrogen evolution of Co-Fe alloys deposited at pH 4. When the deposit contains no iron, the Tafel slope is about 145 mV/decade, similar to the substrate cobalt metal. It suggests that the rate-determining step is proton discharge. The addition of 5 to 50 kg m À3 iron to the electrolyte leads to deposition of bcc alloys. The bcc alloys show the same high activity for hydrogen evolution independent of the composition of the deposit. The Tafel slope is about 35 mV/decade for Co-Fe alloys. For those alloys proton discharge is so fast that the rate-determining step seems to be desorption of hydrogen from the surface of the electrode after recombination of adsorbed two hydrogen atoms. Figure 5 shows the effect of open circuit immersion in the hot concentrated alkaline solution on the activity of the electrode for hydrogen evolution. The open circuit immersion decreases the activity for hydrogen evolution. An increase in the time of open circuit immersion results in the increase in the Tafel slope, and after immersion for 50 days the Tafel slope is about 145 mV/decade which is the same as that of cobalt metal. Table 3 shows the change in the iron content of the alloy by open circuit immersion in the hot concentrated alkaline solution. After immersion for 50 days almost all iron has been dissolved into the solution. Dissolution of iron seems to occur right after immersion of alloy into alkaline solution, and therefore almost all iron is dissolved from the alloys during first 24 hours of immersion. It leads to a radical increase in the Tafel slope after 1 day of immersion test; further immersion of the alloy does not significantly change the activity for hydrogen evolution. A decrease in the iron content of the alloy surface due to its dissolution into the hot alkaline solution is responsible for the decrease in the activity for hydrogen evolution. It has been known that the addition of carbon to Ni-Fe alloys prevents corrosive dissolution of iron from the Ni-Fe electrode in the hot alkaline solution during the shutdown period of electrolysis. 13) Thus, in order to prevent dissolution of iron under the open circuit immersion an attempt was made to add carbon into Co-Fe alloys. The electrodeposition of Co-Fe-C alloys was performed by adding lysine in the deposition electrolyte as a carbon source in a similar manner as to form Ni-Fe-C alloys. For ternary alloy deposition the electrolyte with 5 kg m À3 FeSO 4 Á7H 2 O at pH 4 was chosen. The alloy with 26.0 at% iron, deposited from this electrolyte contained low iron content, but this content of iron guaranteed high activity for hydrogen evolution.
The relation between the carbon content of the alloy and concentration of lysine in the deposition electrolyte is shown in Table 4 . The alloy deposited from the solution without lysine contains 3.5 at% carbon. This carbon seems to be included because of the presence of citric acid, saccharin and sodium laurylsulfate in the electrodeposition solution. The addition of lysine, even in a very small amount (0.001 kmol m À3 ), leads to an increase in the carbon content to 5.2 at%. The presence of lysine in electrolyte definitely increases the carbon content in alloy. The increase in the carbon content of the alloy results in a decrease in the cobalt content, the iron content being in about the same level. The lysine addition decreases the cathodic current efficiency from 32 to about 27%. Figure 6 shows X-ray diffraction patterns of Co-Fe-C alloys prepared from solutions with 5 kg m À3 FeSO 4 Á7H 2 O. The apparent grain sizes estimated from the full width at half maximum of the 110 reflection for deposited alloys are written in the figure. As shown in Fig. 6 for alloys deposited at pH 4 regardless of the concentration of lysine, the same diffraction patterns of almost amorphous phase are observed. Increasing lysine content results in an increase in carbon content which does not change the grain size of the deposit. Figure 7 shows galvanostatic polarization curves of Co-Fe-C alloys. All Co-Fe-C alloys containing both iron and carbon possess the same high activity for hydrogen evolution, the activity being slightly lower than the Co-Fe alloys without carbon. The presence of carbon in the alloy leads to shifting of galvanostatic curve for about 0.04 V, without changing the Tafel slope suggesting a decrease in the exchange current density by the carbon addition. Figure 8 shows the effect of the carbon addition on the activity for hydrogen evolution after immersion in the hot concentrated NaOH solution. The activity of the Co-Fe-C alloys for hydrogen evolution decreases with extension of open circuit immersion although the rate of activity decrease for the Co-Fe-C alloy is slower than that observed for the binary Co-Fe alloy. Thus, the carbon addition to the Co-Fe alloys is effective in preventing preferential iron dissolution, 
but does not result in complete prevention of iron dissolution and decreasing of activity for hydrogen evolution. After immersion for 50 days the Tafel slope of the galvanostatic curves is about 145 mV/decade which is the same as that of cobalt metal. Table 5 shows the change in the iron content of Co-Fe-C alloys after open circuit immersion for 50 days. Almost all iron has been dissolved into 8 kmol m À3 NaOH at 363 K. This is responsible for the decrease in the hydrogen evolution activity after open circuit immersion for 50 days. Figure 9 shows X-ray diffraction patterns of Co-Fe and CoFe-C alloys after open circuit immersion for 50 days in 8 kmol m À3 NaOH at 363 K. These specimens are composed of a polycrystalline hcp single phase, different from asprepared bcc alloys. This indicates that complete reconstruction to form the hcp cobalt phase occurs on the alloy surface by preferential dissolution of iron from the Co-Fe and Co-Fe-C alloys during open circuit immersion in the hot concentrated NaOH.
Discussion
It has been known 13, 14) that the carbon addition to the NiFe alloys prevents iron dissolution from Ni-Fe-C alloys during open circuit immersion in 8 kmol m À3 NaOH at 363 K. Nevertheless, in the present study, the carbon addition is not effective in preventing dealloying degradation due to preferential dissolution of iron from the Co-Fe-C alloys during open circuit immersion in the hot alkaline solution.
For electrodeposited Ni-Fe-C alloys the Ni-Fe-C alloys had the same fcc structure as nickel and Ni-Fe alloys and maintained the high activity for hydrogen production without dissolution of iron during open circuit immersion in the hot alkaline solution. By contrast, the addition of iron to cobalt led to the change in the structure from hcp to bcc and dissolution of iron from the alloy surface resulted in complete reconstruction of the structure from the bcc alloy phase to the hcp cobalt phase. This may be responsible for the difference between Ni-Fe-C and Co-Fe-C alloys; the high resistance of the Ni-Fe-C alloys to iron dissolution during open circuit immersion and the preferential dissolution of iron from CoFe-C alloys during open circuit immersion. Even if iron dissolution occurs from the surface of Ni-Fe-C alloys only slight composition gradient may be formed in the alloy surface because of no reconstruction of the crystal structure. By contrast, iron dissolution from the Co-Fe-C alloys requires reconstruction to form the hcp cobalt phase, and thereby gives rise to the formation of heterogeneous two phases. Because the hcp cobalt phase is able to act as the cathode for galvanic dissolution of iron from the Co-Fe-C anode phase, the Co-Fe-C alloys seem to be less resistant to the preferential dissolution of iron during open circuit immersion in comparison with Ni-Fe-C alloys, on the latter of which no heterogeneous phase acting as the galvanic couple is formed even if iron dissolution occurs. Consequently, in order to avoid degradation by dealloying during open circuit immersion, it may be necessary to form the alloys whose crystal structure is not changed before and after dealloying, in addition to the presence of an effective element in preventing dealloying such as carbon.
Conclusions
In preparation of Co-Fe alloys by electrodeposition for hydrogen production in electrolysis of hot 8 kmol m À3 NaOH the following conclusions can be dawn.
The best condition for electrodeposition of Co-Fe alloy was pH 4 and the iron sulfate concentration was more than 5 kg m À3 . Under this condition the alloy was composed of a nanocrystalline bcc phase as a dominant and showed the highest hydrogen evolution activity. For those alloys proton discharge was so fast that the rate-determining step seemed to be desorption of hydrogen from the surface of the electrode by recombination of two hydrogen atoms. The durability of Co-Fe alloys for hydrogen evolution was insufficient because of dissolution of iron during open circuit immersion in the hot alkaline solutions.
The carbon addition was carried out for preventing dealloying due to preferential dissolution of iron during open circuit immersion in the hot alkaline solution. The carbon addition was effective in decreasing dissolution rate of iron by open circuit corrosion in the hot alkaline solution, but was not effective for complete prevention of dealloying in addition to no enhancement of the hydrogen evolution activity.
Dissolution of iron from the alloy surface resulted in reconstruction of the structure from the bcc alloy phase to the hcp cobalt phase. It leads to the formation of heterogeneous two phases which seems to enhance dealloying corrosion by galvanic action. 
